RBsumB. -Nous avons examink le rendement et l'agrandissement a l'bchelle des lasers a excimer (excitbs par de faisceau permet d'obtenir de haute energie spkcifique dans de grandes structures avec des courants de faisceau maintenue par faisceau Clectronique semble le plus prometteur pour l'obtention de grandes knergies. Les performances de ce type de laser peuvent Stre prddites grdce a un modble englobant l'analyse de la cinbtique des klectrons, de la chimie de la dbcharge et le rksonateur optique. Les limitations introduites par les problkmes de stabilitt de dkcharge sont minimiskes grPce a l'emploi d'un faisceau Clectronique uniforme. Cette bonne uniformitb de faisceau permet d'obtenir de haute energie spbcifique dans de grandes structures avec des courants de faisceau klectronique modCrts.
1. Introduction. -Excimer lasers currently provide the most efficient and powerful sources of coherent radiation in the ultraviolet and visible regions. These lasers have opened up the possibility of many important applications requiring visible and shorter wavelength lasers. Although significant progress has been made in developing these lasers, some crucial problems remain to be solved before their full potential can be realized. Efficient power transfer from the primary source of excitation to the laser medium is one of these problems and constitutes the major part of the discussion presented here.
An excimer is a molecule which exists only in an excited electronic state. The ground state is either repulsive or weakly bound at room temperature. The excited state is coupled to the ground state through a radiative transition typically in the visible or ultraviolet spectral regions. Lasers based on excimer transitions are free from the bottlenecking problem common to infrared and ion lasers, since the lower laser level is naturally depopulated in a very short time. Rare gases and some metal vapors form diatomic excimers in various configurations. These include homonuclear excimers, such as Xez and Hgq and heteronuclear excimers (or exciplexes) such as TlXe* and CdHg*. The rare gases also form excimers in association with oxygen and with the halogens. The rare gas oxides are characterized by long. radiation lifetimes (lo-' s) and small stimulated emission cross sections (lo-'' cm2) which allow efficient excitation at low power densities ; however, quenching of excited states and background absorption make the rare gas oxide lasers very inefficient. Most other excimers, however, have relatively short radiative lifetimes (-s) and large stimulated emission cross sections (-1016 cm2). As a result, they require excitation at very high power densities in order to overcome fluorescence and quenching losses. Early researchers employed high current density electron beams and fast high pressure gas discharges to study these molecules.
The rare-gas dimers were the first excimers to demonstrate laser oscillations. They operate in the vacuum ultraviolet region of the spectrum from 126 nm to 176 nm. Although the conversion of electrical energy into ions and excited states and the subsequent channeling-into excimers is an extremely efficient process in the rare gases, the laser efficiency of these devices is severely limited by photoionization and electron deexcitation. The excited dimer of mercury, which was the first excimer to be observed in emission, has never been made to lase, apparently due to strong, broadband absorption from the lowest lying excited state.
The most efficient excimer lasers to date have been the rare gas halides which operate at waveledgths from 175 nm to 483 nm. Their success is due in large part to the near unity branching ratio for conversion of rare gas ions and excited states into the excimer.
In addition, absorption from the lowest lying excimer states is not significant. The principal limitation comes from other absorbers present in the medium, such as diatomic rare gas ions which limit the extraction efficiency to about fifty percent. Even so, the rare gas halides have so far demonstrated the highest efficiency and energy extraction per unit volume of any other laser in the visible or ultraviolet.
A typical potential energy diagram for the rare gas halide excimer is shown in figure 1. Formation of the excimer can proceed either through a long range Coulomb attraction between the positive rare gas ion and the negative halogen ion or along a curve crossing involving charge exchange between an excited rare gas atom and the neutral halogen. These formation paths, which take place via dissociative reactions or stabilized three body collisions, are referred to as the ion and metastable channels, respectively. The initial generation of rare gas ions and metastables has traditionally been accomplished with high energy electron beams. The efficiency for this process in argon is about 75 % based on energy deposited in the gas. This number excludes energy dissipated in the pulse-forming network, the diode, and the foil and foil supports, as well as energy lost by electron transport out of the excited region. In an optimum laser mixture of argon, krypton and fluorine, roughly 80 % of the argon ions and metastables form krypton fluoride (KrF) excimers. When one accounts for the thermal energy lost in the formation process, only 20 % of the deposited energy eventually resides in KrF. With a 50 % extraction efficiency limited by absorption, the laser efficiency of KrF becomes typically 10 %.
The efficiency of KrF and other rare gas halides can be improved by better electrical power condi- tioning, higher quantum efficiency, and reduced absorption. Improvements in power conditioning efficiency may be achieved through better circuit design to reduce internal losses, optimized coupling to the load, and recycling unused energy for subsequent pulses. Improved quantum efficiency can be achieved either by altering the ratio of power trbnsferred to metastables as compared to ions or through the use of heavier rare gases with lower excitation and ionization energies. In high pressure rare gases pumped by relativistic electron beams, more than three times as many ions are created as metastables.
If the same fraction of incident energy were to go exclusively into metastable states, the quantum efficiency would be improved by about 10 %. In the electric discharge, however, .more metastables are produced than ions, since excitation takes place by accelerating electrons from low energy instead of decelerating them from high energy. In addition to improving the quantum efficiency, the reduced production of ions should result in less absorption. Therefore, discharge pumping of high pressure excimers is more desirable and will be discussed in further detail. Many approaches have been taken in applying electric discharge excitation to excimer lasers. They can be divided, however, into two basic groups : self-sustained and externally-sustained. In the selfsustained glow discharge, ionization is provided by electron avalanche in an applied field. This process is difficult to control once initiated and requires extremely uniform conditions to prevent collapse into an arc. Initial uniformity is achieved by carefully shaping the electrodes to produce a constant electric field and by preionizing the gas before the field is applied. If this were not done, avalanching would proceed from localized irregularities on the electrodes, sending the discharge directly into the arc phase. In the externally-sustained discharge, ionization is controlled by an external source such as an electron beam. This has the effect of decoupling the discharge impedance from the applied voltage. In the ideal case, the impedance is determined only by the gas density and the electron beam current density. The electric field can then be varied to optimize excitation of the desired species. In practice, the process of two-step ionization can transform the externallysustained discharge into a self-sustained one. This can be prevented only by uniform e-beam deposition and tailoring of the electric field or e-beam current density.
In the self-sustained discharge, excitation and laser energy extraction must be accomplished quickly before the discharge impedance falls to such a low value that the laser medium can no longer absorb power. During this impedance collapse, the electric field falls from a value above the breakdown field to a value where all the power dissipated in the discharge goes into gas heating. Thus, there is only a short period of time when the desired levels are efficiently excited. Strong coupling with the external circuit at such a low load impedance requires a low driving inductance which is difficult to achieve in large devices. An externally-sustained discharge, however, should have constant impedance as long as the external source is held constant. These devices then have the potential for long-pulse, high-energy operation. In fact, with the discharge increasing the deposited energy density, the volumetric efficiency should be much greater than with e-beam pumping alone. A KrF laser pumped by an e-beam sustained discharge has already demonstrated [I] 29 J/l extracted energy from 0.12 1 at 11 % intrinsic efficiency. Performance in larger devices has been much worse due to discharge instabilities caused by nonuniform ebeam deposition. These problems are discussed below using KrF as an example.
2.
Electron kinetics in the KrF laser. -Since discharge pumping of the KrF laser has been demonstrated [l] to be more efficient then e-beam pumping, it is desirable to load as much energy into the discharge as possible. An analysis of the limit of energy loading and the laser efficiency requires an understanding of the electron and excited-state kinetics in the discharge. If the ratio of metastable density to ground state neutral density, m/N, is lo-' or less, then electron-metastable collisions have a negligible effect on the electron energy distribution [2] and the electron kinetics can be decoupled from the excitedstate chemistry model. This allows a parameter study to be made of electron transport and excitation processes in the KrF laser which can be used as input to a complete laser model including optical resonator and external circuit [3].
The following discussion will emphasize the importance of including collisions between electrons via a screened Coulomb potential in the Boltzmann analysis of the heavy rare gases. At fractional electron densities typical of e-beam sustained KrF laser discharges (n/N = 3 x -3 x lo-') these collisions appreciably alter both the electron mobility and the rate constants for excitation and ionization. Because of the sensitivity of the high energy tail of the electron energy distribution (Fig. 2) , the effect of electron-electron collisions is most significant for those,processes with the highest threshold energies. The reason that electron-electron collisions are not important in modeling the CO and CO, lasers is that the pumping occurs at much lower energies and typical values of n/N are only These collisions must be considered, however, in analyzing discharge stability because of the large effect on ionization rates.
The method employed in this study to solve the Boltzmann transport equation has been described previously [4] . The contribution to the collision term arising from Coulomb collisions between electrons is derived by Shkarofsky et al. [5] . The value of In A is taken to be 10, where A is the ratio of Debye length It is assumed that the effect of fluorine on the electron energy distribution is negligible for concentrations below a few tenths of one percent. The cross sections for direct vibrational and rotational excitation are expected to be small compared to dissociation [I I] . A resonant process leads to negative ion production via dissociative attachment. The cross section for attachment of electrons to FZ has recently been measured by Chantry [12]. Using this cross section, the effect of F, on the electron energy distribution was found to be small, except at low values of EINand n/N. Under normal operating conditions then, the attachment rate is proportional to the fluorine concentration and can be found from the measured cross section and the solutions of Boltzmann's equation in the rare gas mixture.
Because of the importance of electron-electron collisions, E/N is no longer the sole parameter characterizing the electron energy distribution in a given gas mixture. The fractional ionization, n/N, must be specified as well. If the fractional metastable density, m/N, is less than lo-', it is not an important parameter. Since the largest fractional metastable density consistent with stable discharge operation is about 3 x lo-', the effects of superelastic collisions and metastable ionization on the electron energy distribution can be neglected. In a stable discharge, therefore, we can completely characterize the electron properties in a given gas mixture with the two parameters, E/N and n/N.
The electron drift velocity and mean energy are plotted in figure 3 as a function of E/N for typical values of n/N in a 95 % A r 5 % Kr mixture. The curves labeled n/N = 0 apply to fractional ionizations below about
The drift velocity is found to be more than a factor of two higher at typical electron densities than it is at low electron density where electron-electron collisions are unimportant. The calculated drift velocity in pure argon with n/N = 0 agrees within 5 % with the experimental data of Pack et al. [13] , Robertson [14] and Brambring [15] over the E/N range from 10-l9 V cm2 to lo-'' V cm2. The power loading into the discharge is given by As a result of the n/N dependence of v,, this function will increase faster than linearly with n/N at constant EIN.
All the energy which goes into the discharge is converted through various channels into heat, electronic excitation, or ionization of the gas. The dominant processes include heating by momentum transfer in elastic collisions and excitation of various electronic states in argon and krypton. The cross sections for excitation of these electronic states are lumped together for each gas and represent an effective cross section for production of the metastable. The fractional power into each of these channels is plotted in figure 4 as a function of EIN for typical values of n/N. The power going into ionization of metastables and ground state atoms is negligible in the parameter range considered here. The effect of electron-electron collisions is dramatic in moving the range of efficient production of metastables to lower values of EIN. This has a significant impact on the predicted operating regime of the KrF laser. The highest specific laser energy to date from an e-beam sustained discharge in Ar-Kr-F,was observed at an E/N = 3 x 10-l7 V cm2 [I] . The measured discharge efficiency was 20 %, and yet without electron-electron collisions the theory would predict virtually no pumping of metastable states by the discharge at this EIN.
The quantum efficiency for producing KrF* can be derived from the power partitioning curves by defining
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densities give rise to low electric field strengths and consequently the discharge efficiency is nearly is the energy of the metastable. This function is plotted in figure 5 . At low E/N the efficiency falls off because of elastic heating and at high E/N it approaches the quantum efficiency of Ar* at 42 %. The actual production efficiency will be slightly less than this because the excitation is distributed over a number of levels above the metastable. This correction will be least important at low E/N where the electrons excite preferentially those states with the lowest thresholds.
Reactions which intercept the energy transfer from the metastables to KrF* will also reduce the production efficiency. The maximum extraction efficiency for converting these upper laser levels to laser photons is given t
and a is the round trip cavity absorption. For the device in reference 1 with a 50 cm cavity containing 4 torr F,, a z 20 %. With t = 20 %, the maximum extraction efficiency is 50 %. In summary, a parametric study of the electron kinetics in an Ar-Kr-F, discharge shows that E/N and n/N are the critical parameters, while m/N and F,/N can be neglected when they are smaller than 10and 10-respectively. Electron-electron collisions play a significant role in increasing electron mobility and in raising the metastable production efficiency at low values of EIN. Any comprehensive model of the rare gas halide lasers must include these effects.
3. KrF kinetics. - The kinetics which lead to the population of the KrF* state in an Ar-Kr-F, mixture have been investigated by various laboratories. The principal channels under moderate e-beam pumping (< 50 A/cm2) proceed through the argon ion and metastable states. At high current densities, the production of Ar' and Ar* under e-beam excitation is roughly 3.5 to 1 with a total efficiency of 75 %. The remaining 25 % of the incident energy is lost via radiation and elastic heating. At current densities less than 50 A/cm2 the principal neutralization process is ion-ion recombination, i.e.
These reactions are responsible for populating the KrF* and ArF* states. Some of the ArF*, which is formed in the recombination of Ar' and Ar:, is converted to KrF* through the displacement reaction,
The rest is lost via quenching and spontaneous emission. This loss amounts to about 10 % of the Arf ions originally formed. Since it takes about 26 eV to create each Ar' ion, the quantum efficiency for producing KrF* at 5 eV from Ar + is 19 %, and the net efficiency of the ion channel is then 17 %. This, however, neglects the metastables which are also formed by e-beam excitation. The same 26 eV which produced one ion will also generate about 0.3 metastables which have a 63 % chance of forming KrF*.
This raises the overall efficiency for e-beam pumping to 20 %. The neutral channel processes will be discussed below.
Under discharge pumping of KrF, about 80 % of the input power goes into excited rare gas states Ar* and Kr*. The remaining 20 % is lost in elastic scattering and dissociative attachment to F,. The ratio of Ar* to Kr* produced is about two to one as shown in figure 4 . Very few ions are generated by the discharge. There are two dominant channels for converting Ar* to KrF* (Fig. 6) ; one through the ArF* state and the other through the Kr* state. Typically, with a total pressure of three atmospheres and Thus discharge pumping of KrF* is slightly more efficient than pure e-beam pumping based on energy deposited. However, wall-plug efficiency for the e-beam device will be much less due to a 50 % loss in the cooled foil and foil support structure and additional losses due to scattering in the gas. The e-beam also produces molecular ions which absorb at the laser frequency. In a practical device it is therefore desirable to achieve the highest possible ratio between discharge and e-beam pumping consistent with long pulse stability. The production rate of the KrF* state, R,, can now be expressed as a function of the input power. Thus, Rp hv = 0.25 P, + 0.20 P,,
where P, and P,, are the discharge and e-beam power absorbed by the gas. The loss of KrF* includes quenching by F,, spontaneous emission and a threebody reaction leading to Kr,F*. All of these processes will be lumped into a single decay rate, l/z. If the gain profile is homogeneously broadened, then the loss of KrF* by stimulated emission is proportional to the laser intensity, I. The continuity equation for KrF* is then ArKr* and Krq. It is believed that when these excited states react with F, about half of them produce KrF* Kr and the rest form the ArKrF* and Kr,F* states.
76%
The resulting discharge efficiency is summarized 
Sum
The steady state population density is given by
In terms of the saturated gain, g = ON*, and the small signal gain, go = R, oz, this becomes
The laser saturation intensity, hvloz, is the intensity at which stimulated emission equals quenching.
4. Optical resonator. -As discussed above, for the case of homogeneous laser transitions, the saturated gain coefficient g is related to the small signal gain coefficient go by g = go/(l + < + + t -), where {+ and tare the laser intensities for the + x and x directions normalized to the saturation intensity.
In addition to gain, the KrF laser medium contains several species which absorb at the laser frequency. This absorption is distributed throughout the cavity and may also show saturation effects. The species which exhibit gain and absorption in the KrF laser are listed in table I along with their respective saturation intensities defined as I, = hvloz where o is the optical cross section for stimulated emission or absorption and z is the mean lifetime of the particle. Table I . we have, dropping the pluses, If the cavity is defined by a perfect reflector at x = O and' a partial with reflectivity R at x = L, then When eq. (4) is integrated from x = 0 to x = L, an expression relating 60, R, go, and an is obtained in principle. Then the laser output intensity is given
In practice a simple closed-form solution to eq. (4) is only obtained if we approximate the distributed absorption as a lumped loss, a, in the output mirror. Integrating eq. (4) without the absorption term we obtain, Evaluating this at x = L with the boundary condition t(L) = to/fi gives,
The output intensity, defined as
We now define the extraction efficiency, qc, as the ratio of actual output intensity to the intensity which would be obtained if every KrF* generated in the cavity resulted in a photon leaving the output mirror. This maximum intensity is I,,,,, = R, Vhv/A = go LI,, where R, is the generation rate per unit xolume of KrF*. The extraction efficiency from eq. (7) is then In the KrF laser, the approximation of lumped losses at the mirrors is not very good, since the round trip absorption, a, often approaches unity and the resulting transmissivity, t, may go negative. Furthermore, the threshold gain derived from eq. (8)' is independent of the absorption, a result which is clearly unphysical if the absorption is distributed. For if gain equals absorption, the medium will certainly not lase even though eq. (8) says it will if we chose the right reflectivity.
An approximation which yields more viable results in the presence of large absorption losses is to assume that the intracavity intensity, I = (t+ + t -) Is, is constant, independent of x. Eq. (4) can now be integrated readily to obtain, In ({/to) = (gr ) x , where y and a are the saturated gain and absorption respectively. ~~~l~i n~ the previous boundary condition at x = L yields After multiplying both sides by c, this equation says that the rate at which photons are being extracted from the cavity is equal to the difference between the rate at which they are produced and the rate at which they are absorbed. The output intensity is just the product of the extraction rate and the number of photons in the cavity divided by the area of the output aperture, A, i.e. c 1 I V 1
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If In p I, (see Table 1 ) then ccan and eq. ( 9 ) n can be solved for I directly. Thus, and the output intensity is therefore,
The extraction efficiency analagous to eq. (8) is
This expression has been compared with the numerical solution of eq. (4) and was found in good agreement for values of R down to 30 % independent of a.
In contrast to eq. (8) the threshold gain is now a function of the distributed absorption. If there is also some lumped absorption, a, in the optical components, this can be taken care of as before and the final expression for extraction efficiency becomes, If a a t the optimum reflectivity is given by and the maximum extraction efficiency is, from eq. (141, This function is plotted in figure 8 . In a practical device the mirrors cannot be placed directly adjacent to the gain region. Because of the electric field applied to the discharge, the mirrors must be set back a distance at least equal to the electrode separation. Alternatively, windows may be used to contain the laser gas and the mirrors mounted externally. We must then define several different lengths and modify our expression for the extraction efficiency and optimum reflectivity. Let L remain the mirror separation and define 1, as the gain length and 1, the length containing the nth absorbing species. Then eq. (14) becomes and the optimum reflectivity is, 5. Discharge stability. - The glow discharge, which is an effective excitation technique for a variety of gas lasers, is unstable at high pressures unless sustained by an external ionization source. In the selfsustained mode, the initial glow collapses into a filamentary arc after a time which depends on the pressure and discharge power density. This occurrence can be prevented by keeping the discharge in a regime where the principal ionization is supplied externally.
In the e-beam sustained KrF laser, a uniform glow can be maintained for times up to a microsecond if the discharge voltage is kept below a well-defined limit. Under heavy pumping conditions, the ionization of metastable states becomes a significant source of electrons. When this two-stage ionization exceeds ionization by the e-beam, the discharge goes into a volume runaway and arcs after a few hundred nanoseconds. In order to determine the limits of the stable operating regime, a simple KrF discharge model is proposed as set forth in figure 9 .
The quantities Si and S, are the e-beam source terms for ions and metastables respectively. The metastable ionization rate, knh., is approximately equal to 6 x lo-' cm3 s-'. P is the attachment rate to fluorine and y is the ion-ion recombination rate. The continuity equations for the metastables can be lumped together with a single density, m, because the quenching rate, Q, and ionization rate, kmi, are fairly independent of species. The metastable production rate, k,, is then a weighted sum of the production rates for Ar* and Kr*. This rate is a strong function of EiN and is plotted in figure 10 for several values of fractional ionization niN.
Since the time constant for the external circuit, is typically large compared to that for equilibrium of the ion and metastable species densities, the equations for the latter can be solved in the quasisteady-state approximation. The stability of the steady-state solution is then found by applying a small perturbation with time dependence proportional to exp(-iwt) and looking for positive imaginary eigenvalues of o. When this is done for the equations in figure 9 , the resulting linearized system for the perturbation on electron and metastable densities is, In the limit of low e-beam current density, the second term in parentheses is negligible and the condition for stability reduces to that found previously [16] . In its present form the maximum metastable density is a function of e-beam source strength.
The stability criterion as presented in eq. (22) is not very useful in defining a practical operating regime since it involves the steady-state metastable density, m,. In order to express this in terms of experimentally definable parameters, we solve the steady-state equations for m. From reached first as m increases from zero. Stability will be maintained as long as m, < m, is satisfied. A subsidiary criterion for stability is evident from the expression for steady-state electron density, i.e.
In order for no to be positive, mo must be less than /3F2/kmi. If S/QF2 > PF2/kmi, then eq. (25) becomes the limiting condition on EIN. However, over the range of parameters considered here, S/QF2 is always less than PF2/kmi.
Knowing the value of E/N at which the discharge becomes unstable, we can determine the maximum discharge power loading under given operating conditions. The discharge power density is given by . W rlting ' ' this in terms of the e-beam power density P,, J,, N, we have
The maximum discharge power density is proportional to the square root of the e-beam power deposition. This means that the power enhancement factor, Pd/Peb, is smaller at higher e-beam current densities. It is larger at higher F2 concentrations and, in a given mixture, at higher total pressures.
For overall system efficiency, it is desirable to have Pd/Peb as large as possible. In this respect then it is better to operate at low beam currents and high F2 and total pressures. The limitation in going to low e-beam current densities is that as the total power is reduced, the ratio of small signal gain to absorption is less and extraction efficiency becomes poor, figure 8. The limitation on fluorine concentration arises from quenching of the KrF* state and absorption by F2 and F-. At higher pressures there is more three-body quenching of KrF* and increased formation of the trimers, Ar2F*, ArKrF* and Kr2F* by interception of energy channels leading to KrF*. There is therefore an optimum choice of the parameters N, F2, and J,,, which will give the highest overall efficiency and laser output.
Scaling problems of the KrF laser. -
The KrF laser appears to have the greatest potential of all other candidates for scaling to very high average powers in the near ultraviolet. The highest specific energy (30 J/1) and efficiency (10 %) to date have been demonstrated in a small device (0.12 1) with an e-beam sustained discharge. In larger devices, however, discharge loading has not been nearly as effective and in most cases has been abandoned as a viable pumping technique. We believe that efficient discharge pumping in large devices can be achieved and that this represents the best alternative for a reasonably sized high average power laser.
We have undertaken a systematic study of the electron kinetics, discharge stability, e-beam depo-sition, and optical extraction in order to determine the scalability of the KrF laser and to assess the relative merits of e-beam versus discharge pumping. We find that discharge power loading is limited by the nonuniformity of e-beam deposition and by the ability of the external circuit to couple energy into a low-impedance load. If the energy deposition is made uniform through the use of opposed e-beams and the device is operated at low beam currents to maximize the discharge impedance, then an extracted laser energy of 45 J/1 may be achieved with 8 % efficiency. This is about a factor of three more energy than could be extracted with an e-beam alone. The implications are that a much smaller device can be built for a given average power with all the associated savings in optics, size and gas handling equipment.
The maximum discharge power loading, P,, consistent with stable, long-pulse operation is proportional to the square root of the e-beam power density, P,. This relationship has been derived from a discharge stability analysis and has been confirmed experimentally. The stability criterion for discharge pumping is then,
For the gas ,mixture 94.8 % Ar 5 % Kr 0.17 % F2 at a total pressure of 3 atm, the constant, y, is equal to 1.3 when Pd and Pe are given in MW/cm3. The above condition must be satisfied at every point in the discharge or two-stage ionization will lead to volume runaway and eventual arcing.
Another condition which must be satisfied in the discharge is current continuity. Near the center of large planar electrodes, this implies constant current density along a field line, i.e. 
where E is the electric field strength and N is the gas density. Since the electron density, n, is controlled by the e-beam deposition which varies with distance from the foil, the electric field must compensate by changing the electron drift velocity, 0,. Using the expression for v, from eq. (26), the current density is given by, J', = .Nb(;) l., (;)0)0. 4 from which it is clear that along a field line EIN must vary inversely as the cube of n/N in order to keep the current density constant.
Monte Carlo simulation studies and experimental measurements of the e-beam energy deposition in gases show that the deposition falls off more or less linearly away from the foil for the range of beam energies and foil thicknesses considered here. This spatial dependence can be written as, where r is the ratio of the power density at a distanced from the foil to the power density at the foil. The source density, S, for generating electrons in the gas is related to the e-beam power density by S = P,/Wi, where W i is the energy dissipated in creating an electron-ion pair. (For argon, Wi = 26.2 eV.) Since the principal-loss of electrons is by attachment to fluorine, the electron density is given by, where p is the attachment coefficient and F, is the fluorine density.
The discharge power density is given by, and since J, is constant along a field line, P, varies directly as EIN. From eqs. (30) and (32) then, we see that P, must vary inversely as the cube of Pe (Fig. 12) , or
The constant c will now be chosen so that the stability criterion, eq. (27) is satisfied throughout the discharge. It is clear from eq. (34) that the condition is most likely to be violated at x = d. Therefore, we set P,(d) = yP,'/2(d) or = yr1l2 PiA2 so that c is given by c = yr7I2 P:i2. The average e-beam and discharge power densities can now be found by integrating eqs. to 30 %.
(36) The maximum output intensity corresponding to If the discharge power is supplied by a simple extraction all laser photons is capacitive discharge circuit, where maximum power 1s reached at the end of the e-beam pulse, then the Imax = Rp hvV/A = go II, (41) discharge power averaged over time is just half of that given in eq. (36). The total energy dissipated in so the extraction efficiency can be defined as, the laser is then, Since the ground state of KrF* is dissociative, the small-signal gain is given by go = ON* = OR, r , where a is the cross section for stimulated emission and t is the total KrF* lifetime. Another way of writing this relation is go = R, hv/Zs, where I, = hvlot is the saturation intensity. Using a spontaneous emission lifetime of 9 ns [17], a stimulated emission cross section of 1.9 A and the published fluorine and three-body quenching rates [18] of KrF*, the saturation intensity for the mixture 94.8 % Ar 5 % Kr 0.17 % F2 at 3 atm is 2.6 ~W / c m~. The expression for the average small-signal gain is then, Since the discharge power density is greatest where the e-beam power density is lowest, the sum of the two is fairly constant and the error in using averaged quantities is minimal.
The laser output intensity is given in terms of the small-signal gain, the gain length, I, the mirror reflectivity, R, and the absorption in the laser medium, 2, by the expression, This expression has been compared with an exact numerical solution of the cavity equations, and was Absorption in the laser medium is made up of two types : 1) static absorption by molecular fluorine and 2) transient absorption due to F-, positive molecular ions, and possibly excited electronic states. Our absorption measurements show that the dominant transient absorption is due to the ions, F-, Kr; and Ar:. Since the ions are lost by recombination, their population is proportional to the square root of the e-beam power density. We can therefore write, where c is a constant determined experimentally to be 4 x lo-" cm s and oF2 = 1.5 x cm2. The e-beam pulse length is chosen so that This value has been found to be an upper limit for the consistent operation of a single shot e-beam device without foil damage. This limitation also points out the advantage of operating at the highest pressure consistent with good laser efficiency, since the e-beam energy deposition, P, r,, is now independent of the current density but proportional to gas density. We have chosen our test case at 3 atm, because this pressure has resulted in efficient laser operation in small devices. The reason that lower pressures have been found to give higher output in large devices is because of poor e-beam penetration at high pressures. The nonuniformity of e-beam deposition also limits the discharge energy loading in large devices, as we shall see below.
We now have all the information necessary to determine the extracted laser energy density from eq. (45). This is plotted as a function of P,, in figure 13 for the mixture 94.8 % Ar 5 % Kr 0.17 % F, at 3 atm.
The corresponding e-beam current density is given on the upper scale. The curves show that a high extracted laser energy is possible at low e-beam current densities if the e-beam deposition is uniform. The uniformity becomes more critical the smaller the value of P,,. When r = 0 there is no benefit from discharge pumping at all, since the discharge is always unstable.
The small-signal gain and absorption for the same gas mixture are plotted in figure 14 as a function of e-beam power density. The horizontal line at 0.24 % cm-' is the absorption due to 4 torr of fluorine with the factor L/1 = 1.2 taken into account. (L is the distance between the laser mirrors, or windows, which is filled with fluorine. The value 1.2 is required to ensure electrical isolation of the electrodes from the mirror mounts.) Most of the remaining absorption is due to the ions F-, Ar: and Kr: which are proportional to P:J2. The measurements by AVCO at the same pressure in a slightly different mix are shown for comparison. Their values, A , for the transient absorption at 1.5 and 6 A/cm2 are added to our baseline at 0.24 % cm-'. The small-signal gain is seen to increase faster than the absorption in going to harder pumping.
From eq. (43) it is seen that, for a given smallsignal gain and absorption, the optimum mirror reflectivity, R, is determined by the gain length, 1. As the laser is increased in length, the optimum value of R is reduced. However, there is a minimum value of R below which the mode quality of the laser suffers due to superfluorescence. The minimum reflectivity is found experimentally to be about 20 %. This condition sets a limit on the length of the laser given bv.
Thus, as the input power density increases and the small-signal gain and absorption go up, the maximum length of the device is reduced. This is an important consideration in scaling to high pulse energies.
In figure 15 the overall laser efficiency, maximum gain length and discharge enhancement factor are plotted as a function of e-beam power density. The discharge enhancement factor is defined as the ratio of energy deposited in the gas by the discharge to that deposited by the e-beam. It can be determined from eq. (35) and (36) as
The overall efficiency is an increasing function data obta~ned on Maxwell dev~ce. of P,, since the small signal gain is increasing faster than the absorption. From this graph we can see that there is a tradeoff to be made between the size of a device and the operating efficiency. With a one meter gain length, an extracted energy of 45 J/1 can be achieved at 8 % efficiency with an e-beam current density of 6 A/cm2. In contrast, a one meter laser pumped by an e-beam alone at 12 A/cm2 can deliver only 1 1 511 at 8 % efficiency (see Fig. 16 and 17) . The difficulty comes in achieving less than 10 % variation in e-beam deposition in the field direction. We feel that the only way this can be done is with two opposed e-beams. Some comparison runs with e-beam pumping only were made assuming uniform deposition (r = 1) and L/1 = 1. The extracted energy density is,plotted in figure 16 for 1.5 and 3 atm total pressure. Two conclusions may be drawn from these curves : 1) harder pumping works best at higher pressures and 2) the extracted energy always increases with pumping power. The best experimental results of Maxwell (2 atm), AVCO (1.7 atm) and Northrop are in good agreement with the predictions.
The maximum gain length and overall efficiency for an e-beam pumped KrF* laser are shown in figure 17 . Again the tradeoff between device size and efficiency is clear. The lasers of Maxwell, AVCO and Northrop are seen to be very close to the limit of scalability. The only way to go to higher than 10 to 12 J/1 without severely limiting the device size is through combined e-beam and discharge pumping with the uniform deposition achieved by opposing beams.
In conclusion, e-beam sustained discharge pumping seems to have some distinct advantages especially for high average power excimer lasers, even though some additional complexities are involved in discharge pumping. These complexities arise primarily due to nonuniformity of the e-beam deposition and consequent discharge instability. Solution to these problems appears to be feasible using two opposing e-beams to provide uniform ionization.
